. British Journal of Industrial Medicine, 30, 237-247. Preprocessing cotton to prevent byssinosis. A fundamental approach of cleaning or deactivating cotton prior to manufacturing has long been advocated to prevent byssinosis, but no trial had been conducted to test the feasibility of such an approach. In the study described, it was possible to be directed by both biological observations and the results of manufacturing trials.
exposure to workers (Schilling, 1956; Molyneux and Tombleson, 1970) , largely because current machine exhaust and mill ventilation systems fail to reduce significantly the concentrations of fine dust (McKerrow, Roach, Gilson, and Schilling, 1961; Wood and Roach, 1964) . Because levels of lint free dust (S 15 ,um) of 0.1 to 0.2 mg/m3 are associated with a byssinosis prevalence of 6 to 13 %, it is clear that efficient dust control is necessary (Merchant et al., 1972) . Schilling noted 'the wide prevalence of byssinosis in the. cotton industry and the obvious inadequacy and high cost of prevention by locally applied exhaust ventilation' and called for consideration of 'a more fundamental approach to dust control-namely, the removal of plant debris from cotton where it is ginned. Such measures might include a mechanical method of removing the dust or washing the cotton to take out the water soluble agent causing byssinosis' .
Materials in aqueous extracts of cotton trash cause chest tightness and bronchoconstriction in human subjects, which suggests that this fraction contains the causal agent(s) of byssinosis (Bouhuys, Lindell, and Lundin, 1960; Hamilton et al., 1973) . El-Batawi and El-Din Shash (1962) observed that workers who processed scoured cotton for medical use had no symptoms of byssinosis and no decrease in expiratory flow rates. Further, it has been observed that those who 'wet finish' flax consistently have a lower prevalence of byssinosis than 'other finishers' (Carey et al., 1965) . McDermott, Skidmore, and Edwards (1968) reported that dust from washed cotton increased airway resistance and decreased the forced expiratory volume in one second (FEV1.0) less than unwashed cotton dust, and in vivo had only 50% of the histamine activity of the unwashed dust. Although washing cotton prior to processing has been proposed and supported by the above observations, there has been no field trial of this technique to prevent byssinosis. Initially, a limited study of washed and unwashed cotton was planned using a selected panel of cotton textile workers, dust levels, and spinning quality of cotton as indicators of effects. Later the study was extended to trials of steamed cottons using 225 kg experimental lots, and finally to trials with cotton which was part of several 450 kg lots processed through a production model steamer.
Methods
Experimental chamber design To create an exposure chamber, a corner of the mill which was separate from manufacturing and measured 15 ft (4-6 m) in width x 60 ft (18-3 m) in length and 20 ft (6-1 m) in height was enclosed and tightly sealed. The plant air conditioning duct to that area was closed and an air conditioning unit with 88 625 kJ capacity was installed to provide fresh air drawn from outside the mill and uniform temperature and humidity and to maintain a positive pressure relative to the remainder of the mill. The air conditioner was equipped with pleated media filters which were changed before each trial. A hopper-feeder and high speed (18 kg/hr) carding machine, which was exhaust ventilated to an attached bag, was installed to process raw materials (Appendix 1) to a sliver and to serve as the dust generator. The chamber was vigorously vacuumed and the air exchanged for several hours between experimental trials.
Selection of subjects A panel of 16 workers, eight from the first and eight from the second shift, was selected based on their decrement in FEV1.0 with cotton dust exposure (Table 1) .
No one with a history of chronic bronchitis or FEVy.0 less than 77% of predicted was accepted. All had shown decrements of greater than 200 ml or 5 % of their preexposure FEV,., 6 hours after exposure. Other selection factors were dependability and informed consent to participate in a prolonged experiment. Grade of byssinosis, smoking history, work area, and duration of cotton dust exposure did not affect selection.
All 16 subjects were men; five were black and 11 were white. Their mean age was 35 years and the mean duration of cotton dust exposure was eight years. Of the 12 with a history of cigarette smoking, the mean number of pack years was 18-2 (Table 1) . Ten had been diagnosed as having grade 1/2 or grade 2 byssinosis, none was bronchitic or dyspnoeic by questionnaire,' but two had a history of asthma. Their mean FEV1.O during the plant wide survey was over 3 700 ml, a mean 96-1 % of predicted for height and age (Boren, Kory, and Syner, 1966) .
Their mean decrement in FEVy.0 during the survey was 374 ml or 10-1 % of their baseline value. None showed evidence of emphysema by chest radiography (Sutinen, Christoforidis, Klugh, and Pratt, 1965) .
Following the initial trials, when it became apparent that many more months would be involved in the project, the panel was reduced from 16 to 12. One of the four had moved to another town, one had been having unrelated medical problems, and two others had shown no consistent response to cotton dust. The same panel of 12 subjects, six from the first shift and six from the second shift, with one exception (trial 24) participated in every trial.
Observations during experimental trials The panel was always tested on Monday, usually following at least two days (64 hours) away from mill exposure. Five trials were conducted after one day (40 hours) away from mill exposure. Before exposure began, a series of baseline forced vital capacities was obtained. Both assessment of symptoms and FEVy.0 at 2-hour intervals after the beginning of exposure (10 am, 12 noon, and 2 pm for first shift, and 6 pm, 8 pm, and 10 pm for second shift) were used as indicators of response to cotton dust. Panel members were asked not to smoke in the hour before exposure nor during exposure. If subjects had to Raw materials and trial sequence A total of 33 experimental trials were conducted beginning in the summer of 1970 and ending in the spring of 1972. The cotton used for positive control trials and all washing, heating, and steaming trials came from the same supply and from two lots of cotton set aside for these experiments. Five hundred pounds of raw material were consumed in each trial. Initially, trials with raw cotton were done to establish the sensitivity of the panel, and trials with no cotton dust exposure to serve as negative controls to account for diurnal variation in flow rates. The effect of improving the grade of cotton, the effect of low gossypol cotton, and the effect of mechanically cleaning cotton by running it through the picking process were all evaluated in individual trials. To test the effect of heat on cotton dust, two trials were completed with oven-heated cotton. Three trials with washed cottons were completed but were not pursued further because of difficulty in processing cotton so washed. Steaming cotton in large dyeing vats was then tried as an alternative to washing. In an effort to steam cotton in a way that could easily be integrated into the manufacturing process, cotton was steamed on a conveyor, in an autoclave, and in a small 'pipe' steamer adapted from dyeing wool yarn. After five trials with the small pipe steamer a large production model steamer using the same principle was built and the remaining trials were conducted on cotton preprocessed through this device. In an effort to increase the effectiveness of steaming, the duration of steaming was extended to 7 minutes for three trials but was then reduced to 5 minutes when some difficulty was encountered in processing without an accompanying reduction in biological activity.
Statistical analysis Both negative control trials 1 and 2 were tested against each exposure for differences in FEVL.0 from before exposure to after 6 hours of exposure by use of paired t tests. Linear regressions and correlation coefficients were calculated for all raw cotton trials and all production steamed cotton trials. Differences in theslope ofraw cotton and steamed cotton regressions were tested (Dixon and Massey, 1969) . A P value of <0 05 was accepted as the level of significance and levels of P<01 were recorded (Appendix 2).
Results

Untreated and heated cotton
Two control runs (trials 1 and 2) conducted in the exposure chamber without cotton dust exposure did not affect FEV1.0 ( slight increase in FEV1.o over 6 hours of exposure, and byssinosis symptoms in less than 10% of the subjects. Respirable dust levels were roughly a quarter that obtained with raw cotton, the lowest level (0-07 mg/m3) obtained with the commercially washed medical cotton (trial 12) (Table 2, Fig. 2 ).
Steaming cotton in the dyeing vat resulted in small and insignificant group decrements in FEV1.0 and symptoms in 21 % ( Of the five trials with experimental pipe-steamed cotton, two resulted in a significant decrement in group FEV1.0, trial 22 with a decrement of 2-8 %, and trial 24 with a drop of 3.0% (Table 2 , Fig. 4 ).
Symptoms for all trials were recorded in over 15% of the subjects and ranged from 25 % (trials 22 and 23) to no symptoms (trial 21). Respirable dust levels were consistently reduced during all five trials and averaged one third that of the mean raw cotton positive control respirable dust level (Table 2 , Fig. 4) .
With trials of production steamed cotton (trials 25 to 30), the changes in FEV1.0 compared with control trials were uniformly small and insignificant. Symptoms of chest tightness and/or dyspnoea occurred in 8 % considering all trials together. Dust levels were consistently reduced, averaging 0-27 mg/m3 over the six trials (Table 2, Fig. 5 ). Although the dust levels were slightly lower with the cotton steamed for 7 minutes, there was no detectable difference in the biological effects of the 7-minute and the 5-minute steamed cottons. We were advised that the spinning quality of the cotton steamed for 5 minutes was superior to that which was steamed longer. Three trials with production steamed cotton (trials 31 to 33), without dust suppression, resulted in moderate and significant decrements in FEV1.0. In trials 31 and 33, a quarter to two thirds of the subjects reported chest tightness and/or dyspnoea. Trial 32, which tested a cotton/rayon blend, also resulted in a significant decrease in FEV1.0, but no symptoms with a lower dust level of 0 30 mg/m3 (Table 2, Fig. 5 ).
When the regression equation for symptom prevalence by respirable dust level (Fig. 6 ) for raw cotton trials (trials 3 to 8) was calculated, a strong linear correlation between symptoms and dust level was found (r = 0-93). When the same regression was calculated for the 12 subjects for production steamed cottons (trials 25 to 33), the strength of the linear association was not as great (r = 0.74). The regression line for steamed cottons was nearly parallel to that of the raw cotton but shifted to the right, suggesting a lower prevalence of symptoms at all respirable dust levels. Thus, at low respirable dust levels of 01 and 0-2 mg/m3, two to three times as much steamed cotton dust as raw cotton dust was required to produce the same symptom prevalence. When percent change in FEV1.o by respirable dust level was considered (Fig. 7) , the linear correlation for raw cotton dust was again strong (r = 0-99). When the same regression equation was calculated for the production steamed cotton trials, the correlation coefficient was 0 59. The slope of the steamed cotton regression line was somewhat flatter than that for raw cotton and the difference in slopes was statistically significant (p < 0025). Again the prevalence for the six raw cotton trials (including all 16 subjects in trials 3, 4, and 6) was also strong (r = 0 97). However, when the same calculation was made for production steamed cotton trials, the correlation coefficient was only 0-34.
Discussion
Recent cross-sectional studies of the prevalence of byssinosis in the United States textile industry (Bouhuys et al., 1969; Zuskin et al., 1969; Schrag and Gullet, 1970; Merchant et al., 1972 Merchant et al., , 1973a Merchant et al., , 1973b Biological observations are discussed below; conclusions as to the spinning efficacy of washed and steamed cotton are best judged by the manufacturer's willingness to put cotton so processed into production. In addition to observations concerning the potential of washing and steaming cotton to prevent byssinosis, dose response relationships were developed and clues were found concerning the agent(s) causing byssinosis.
Dose-response observations
Several cross-sectional investigations have demonstrated that a strong linear relationship exists between symptoms of byssinosis and cotton dust concentration (Roach and Schilling, 1960; Merchant et al., 1973b) and decrement, in FEV1.0 and dust concentration (ElBatawi, Schilling, Valic, and Walford, 1964; Berryand Molyneux, 1968; Merchant et al., 1973b) . Byssinosis prevalence in excess of 90% has been recorded in Egypt where workers beat flax in their homes and live in a dense dust cloud (El-Batawi and Hussein, 1964) . This suggests that, although there is a spectrum of human sensitivity to the agent(s) in cotton dust, individual resistance can be overcome by exposure to a very high dose. Dose-response curves from crosssectional studies may result in comparison of heterogeneous populations at different dust levels and are complicated by the undefinable element of selective migration. By contrast, this panel study provided a uniform group in which to observe biological effects over a range of respirable dust levels. Over the six trials involving raw cotton (Figs 6 and 7) , the linear association between both symptoms and decrement in FEVY.0 with respirable dust level is striking. All of the 12 panel subjects reported chest tightness and/or dyspnoea during trial 6, in which the dust level was 1 15 mg/m3. Five of these men had no previous history of chest tightness with cotton dust exposure. This suggests that the major variable in human responsiveness is dose. Susceptibility may be affected by co-factors such as cigarette smoking (McKerrow and Schilling, 1961; Merchant et al., 1972 Merchant et al., , 1973a and underlying airway disease which may increase the retained dose by interfering with bronchial clearance.
Observations concerning aetiological agents Much of the beneficial effect realized by washing and steaming was secondary to dust reduction, which was more complete with washing. Of the dust that remained after washing, no biological activity could be detected by our indicators, although the respirable dust level with one trial was as high as 0-26 mg/m3. This is consistent with the concept that the agent(s) causing byssinosis symptoms is water soluble and therefore selectively removed (El-Batawi and El-Din Shash, 1962; McDermott et al., 1968) . Similarly, the active material appears to be selectively removed by steam, leaving behind a relatively more inert dust. Of special interest were the two trials with autoclaved cotton in which the bale was unopened, thus wrapped and tightly bound; nevertheless the respirable dust generated from these bales was nearly completely inactivated and dust levels were reduced. Presumably a large quantity of respirable material was extracted from the bound bale and/or bound to the fibre, making it unavailable for later release upon processing. When condensation from the exhaust from the production steamer was collected, it was consistently dark brown in colour. When not collected, the exhaust material fell to the roof of the plant as a fine reddish-brown powder which covered several square metres of the roof top.
Heating cotton in a drying oven appeared to increase biological activity per milligramme of cotton dust. Both trials with heated cotton resulted in disproportionately greater drops in FEV1.0 and greater numbers of workers reporting chest tightness and/or dyspnoea than did exposures to raw cotton dust at the same dust levels. Whether this increase in activity is due to chance, to a change in the physical composition of the dust (relativelv greater concentration of finer particles), or to actual changes in chemical activity of the agent(s) is unknown.
Two materials under study as possible aetiological agents in byssinosis are consistent with selective steam extraction. Hitchcock, Piscitelli, and Bouhuys (1971) have described a steam volatile substance which has some of the properties of methyl piperonylate. Taylor, Massoud, and Lucas (1971) have described a condensed polyphenol based on leukocyanidin which is extracted by steam (Taylor, personal communication (Merchant et al., 1973b) . A third major advantage is that this process could be implemented at the cotton gin, thereby reducing exposure to ginners and all others who subsequently process cotton. In addition to the United States textile worker, workers in countries which import American cotton would benefit front this application.
Despite these encouraging experimental results, several questions concerning the efficacy of steaming must be answered before it could be adopted. 
